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I w A b s t r a c t
The g o a l o f t h e t r i a g e n c y SP-100 Program i s t o develop long-lived, compact, l i g h t w e i g h t , surv i v a b l e n u c l e a r r e a c t o r space power systems f o r a p p l i c a t i o n t o t h e power range 50 kWe t o 1 MWe. The s u c c e s s f u l development o f t h e s e systems should e n a b l e o r s i g n i f i c a n t l y enhance many o f t h e f u t u r e NASA c i v i l and commercial missions. The NASA SP-100 Advanced Technology Program s t r o n g l y augments t h e para1 l e 1 SP-100 Ground Engineering System Development program and enhances t h e chances f o r success o f t h e o v e r a l l SP-100 program.
The purpose o f t h i s paper i s t o d i s c u s s t h e key t e c h n i c a l elements o f t h e Advanced Technology
Program and t h e progress made i n t h e i n i t i a l year and a h a l f o f t h e P r o j e c t .
I n t r o d u c t i o n
The NASA, DOD, and DOE t r i a g e n c y SP-100 Program has r e c e n t l y embarked on a m a j o r e f f o r t t o demonstrate t h e technology r e a d i n e s s o f n u c l e a r r e a c t o r space power systems f o r space a p p l i c a t i o n s b y 1992. T h i s program i s termed t h e SP-100 ground e n g i n e e r i n system (GES) i n which system s a f e t y and t y p i c a ? r e a c t o r and aerospace (conversion, heat r e j e c t i o n , e t c . ) performance and l i f e t i m e p o t e n t i a l w i l l be demonstrated. The NASA-managed advanced technology program (ATP) p o r t i o n o f the t r i -a g e n c y Program i s focussed on developing advanced aerospace technology t h a t w i l l g r e a t l y augment t h e i n i t i a l SP-100 design c a p a b i l i t i e s . Fig. 1 , t h e o b j e c t i v e s o f the ATP a r e t o augment t h e GES development and t e s t i n g o f m a j o r components and t o p r o v i d e s i g n i f i c a n t component and subsystem o p t i o n s f o r i n c r e a s e d e f f ic i e n c y , s u r v i v a b i l i t y and growth a t reduced weights and h i g h e r r e l i a b i l i t i e s . As i s shown i n Fig. 1 , i t i s f e l t t h a t t h e ATP can p r o v i d e growth t o the megawatt power l e v e l s with a f a c t o r o f 2 t o 3 i n c r e a s e i n s p e c i f i c power, u s i n g t h e r e a c t o r developed i n t h e GES Program. were generated f o r a GES program focussed on a 300 kWe space power system. The Program was r e c e n t l y r e d i r e c t e d t o demonstrate t h e technology r e a d i n e s s o f a 100 kWe system. Using t h i s l a t t e r reactor(-2.5 MWt) t h e Advanced Technology Program o f f e r s t h e p o t e n t i a l f o r a f a c t o r o f 2 + 8 i n c r e a s e i n e f f i c i e n c y , growth t o 800 kWe and d o u b l e t h e s p e c i f i c power, when o p e r a t i n g a t t h e d e s i g n r e a c t o r o u t l e t temperature o f 1350 K. Or, t h e ATP can p r o v i d e t h e design performance a t reduced r e a c t o r o u t l e t temperatures t h u s p r o v i d i n g a back-up p o s i t i o n should t h e r e be d i f f i c u l t i e s i n a t t a i n i n g t h e 1350 K r e a c t o r o u t l e t temperature. Even w i t h t h e GES f o c u s on t h e 100 kWe power system i t i s f e l t t h a t t h e r e a c t o r and ATP e f f o r t s w i l l p r o v i d e t h e technology d a t a base f o r growth t o the megawatt power l e v e l . The key elements o f t h e ATP and t h e p r o g r e s s t o d a t e w i l l now be described.
As i n d i c a t e d i n
The above r e s u l t s
The NASA Advanced Technology Program
The major elements o f t h e NASA ATP a r e shown i n F i g . 2. The Program i s guided by an o v e r a l l M i s s i o n s and Systems A n a l y s i s Task t o b e t t e r d e f i n e t h e s p e c i f i c power system requirements and q u a n t i f y t h e b e n e f i t s t o be d e r i v e d f r o m t h e techn o l o g y development. Technology development e f f o r t s a r e b e i n g c a r r i e d o u t i n t h e areas o f Energy Conversion, Thermal Management, Power Cond i t i o n i n g and Control, M a t e r i a l s and S t r u c t u r e s and S p a c e c r a f t Environmental E f f e c t s .
Advanced Energy Conversion e f f o r t s a r e on f r e e p i s t o n S t i r l i n g engine and advanced t h e r m o e l e c t r i c t e c h n o l o g y development.
These t e c h n o l o g i e s w i 1 1 i n c r e a s e t h e GES b a s e l i n e e f f i c i e n c y by f a c t o r s o f 2 ( t h e r m o e l e c t r i c ) t o 8 ( S t i r l i n g ) w i t h concomitant r e d u c t i o n s i n o v e r a l l system mass. f r e e p i s t o n S t i r l i n g e n g i n e p r o j e c t a r e shown i n F i g . 3. f o r t h e 300 kWe GES design. completed t e s t i n g o f t h e 25 kWe Space Power Demons t r a t i o n Engine. i n t e r n a l l y generated (PV) power which was 9 1 p e r c e n t o f t h e p r e d i c t e d value. However, due t o problems w i t h eddy c u r r e n t f l o w s i n t h e l i n e a r a l t e r n a t o r , t h e e l e c t r i c a l power o u t p u t was 17 kWe o r o n l y 70 p e r c e n t o f t h e p r e d i c t e d power. Independent t e s t s a r e now b e i n g r u n t o b r i n g t h e a l t e r n a t o r e f f i c i e n c y t o i t s 93 p e r c e n t e f f i c i e n t d e s i g n p o i n t . Upon c o m p l e t i o n o f t h e SPDE t e s t i n g , t h e opposed p i s t o n engine was c u t i n h a l f and two 12.5 kWe Space Power Research Engines (SPRE) a r e b e i n g t e s t e d . By r e d u c i n g t h e SPRE expansion space volume and making t i g h t e r d i s p a c e r clearance, t h e performance shown i n F i g . 4 was a t t a i n e d . The f i g u r e shows t h a t t h e r e i s good agreement between t h e engine performance and code p r e d i ct i o n s . power a t p a r t i a l p i s t o n s t r o k e and should produce over 16 kW o f PV power a t f u l l p i s t o n s t r o k e opera t i o n . T h i s performance exceeds t h e o r i g i n a l pred i c t e d v a l u e o f PV power. Other S t i r l i n g accomplishments a r e g i v e n i n Fig. 5 .
The o r i g i n a l o b j e c t i v e s and approach f o r t h e advanced t h e r m o e l e c t r i c t a s k s a r e shown i n F i g . 6.
The e f f o r t was o r i g i n a l l y focussed on t h e development o f r a r e e a r t h chalcogenide "p" l e g thermoe l e c t r i c m a t e r i a l s t o p r o v i d e a h i g h f i g u r e -o f -m e r i t when used w i t h p r e v i o u s l y developed r a r e e a r t h "n" 1 egs.
We have completed screening o f t h e "p" t y p e r a r e e a r t h compounds and have concluded t h a t t h e success p o t e n t i a l f o r developing these m a t e r i a l s I n t h e area o f energy c o n v e r s i o n development,
The o b j e c t i v e s and approach f o r t h e
The performance numbers (100 W/kg) a r e
I n t h i s p r o j e c t t o d a t e we have s u c c e s s f u l l y The Engine developed 25 kW o f
The SPRE has a l s o produced 12.4 kW o f PV i s q u i t e l i m i t e d . a t t h e J e t P r o p u l s i o n Laboratory, samples o f a silicon-germanium t h e r m o e l e c t r i c m a t e r i a l doped w i t h g a l l i u m phosphide have been produced t h a t demonstrate a considerable improvement i n f i g u r eo f -m e r i t o v e r standard silicon-germanium. These r e s u l t s appear t o be a f u n c t i o n o f a n n e a l i n g t i m e and temperature. A t y p i c a l s e t o f r e s u l t s f o r an a n n e a l i n g temperature o f 1475 K, "n" l e g m a t e r i a l i s shown i n F i g . 7. The research e f f o r t i s b e i n g r e d i r e c t e d t o e x p l o i t t h i s p r o m i s i n g development, f o c u s i n g on a systematic a n a l y t i c a l and e x p e r imental program, aimed a t developing a b a s i c unders t a n d i n g o f these processes and d e v e l o p i n g h i g h e r performance t h e r m o e l e c t r i c d e v i c e s t h a t a r e s t a b l e and repeatable.
However, i n r e c e n t experiments Thermal M a n a q e m s
The o b j e c t i v e s and approach t o t h e thermal management t a s k i s shown i n F i g . 8. The accomp l i s h m e n t s t o date a r e summarized i n F i g . 9. have i n i t i a t e d a c o n t r a c t e d s t u d y o f advanced r a d i a t o r concepts f o r t h e GES r e f e r e n c e thermoe l e c t r i c system and an advanced S t i r l i n g system.
A d e t a i l e d h e a t p i p e code has been developed and w i l l be used t o guide a new h i g h temperature heat p i p e development e f f o r t . Tungsten f i b e r r e i n f o r c e d n i o b i u m composites (ST300-W/Nb) have been produced w i t h s i g n i f i c a n t increases i n s t r e n g t h / w e i g h t r a t i o o v e r t h e GES reference niobium-1-zirconium r e f r a ct o r y .
I n a d d i t i o n s u r f a c e m o d i f i c a t i o n techniques have been developed t h a t p r o v i d e e m i s s i v i t i e s t h a t exceed t h e 0.85 GES r e f e r e n c e d e s i g n v a l u e w i t h o u t t h e use o f c 0 a t i n g s . l
The r e s u l t s f o r s i m i l i a r t r e a t m e n t s o f the niobium-1-zirconium r e f e r e n c e d e s i g n m a t e r i a l are shown i n F i g . 10.
We Power C o n d i t i o n i n g and C o n t r o l
The o b j e c t i v e s and approach f o r t h e advanced power c o n d i t i o n i n g and c o n t r o l t a s k s a r e shown i n F i g . 11. The main t h r u s t o f t h e t a s k i s develop h i g h temperature (500 t o 600 K), r a d i a t i o n t o l e ra n t systems f o r t h e GES r e f e r e n c e and advanced S t i r l i n g systems. The development o f t h e s e systems w i l l a l l o w m u l t i o r b i t o p e r a t i o n and reduce t h e s h i e l d and power c o n d i t i o n i n g waste heat r a d ia t o r masses. The accomplishcents a r e summarized on F i g . 12. B r i e f l y , we have exposed commercial s o l i d s t a t e switches t o gamma and n e u t r o n f l u x e s and seen a d e f i n i t e degradation i n d i r e c t c u r r e n t g a i n under e i t h e r source o f r a d i a t i o n . We have demonstrated t h e p o t e n t i a l f o r h i g h temperature, g i g a r a d t o l e r a n t s o l i d s t a t e switches u s i n g deep i m p u r i t y double i n j e c t i o n d e v i c e s and have i d e n t if i e d a development program f o r l o w v o l t a g e h i g h power i n v e r t e r s . M a t e r i a l s and _Structures and s t r u c t u r e s task are shown i n F i g . 13. I n The o b j e c t i v e s and approach f o r t h e m a t e r i a l s
u c t u r e s w i t h increased s t r e n g t h and/or l i g h t e r weight. The successful development of t h e s e m a t e r i a l s w i l l reduce t h e mass o f t h e o v e r a l l power system, o r p r o v i d e increased r e l ia b i l i t y and s u r v i v a b i l i t y t h r o u g h increased d e s i g n margin i n t h e m a t e r i a l s p r o p e r t i e s . These mater i a l s c o u l d a l s o be e n a b l i n g f o r t h e power system
should t h e r e be shortcomings i n t h e GES development goals. There have been many accomplishments made i n t h e m a t e r i a l s area. The niobium-lz i r c o n i u m c r e e p s t r e n g t h d a t a base i s b e i n g establ i s h e d , t h e t u n g s t e n r e i n f o r c e d niobium m a t e r i a l composite mentioned e a r l i e r i s b e i n g developed, m a t e r i a l needs f o r h i g h temperature S t i r l i n g Engines have been i d e n t i f i e d and m i c r o s t r u c t u r e analyses have been made i n support o f t h e thermoe l e c t r i c task. Two o t h e r areas w i l l be highl i g h t e d i n t h i s paper. t o develop t h e d a t a base on t h e niobium-1-zirconium -0.1 p e r c e n t carbon r e f a c t o r y a l l o y PWC-11. a l l o y c o u l d p r o v i d e some d e s i g n margin over t h e GES r e f e r e n c e m a t e r i a l . The r e s u l t s f o r t h e s t r e s s l e v e l a t 1350 K f o r 1 p e r c e n t s t r a i n i n
y r a r e shown f o r a v a r i e t y o f c o n d i t i o n s on F i g . 14. The f i g u r e shows t h e change i n creep s t r e n g t h f o r t h e v a r i o u s c o n d i t i o n s . note, however, t h a t f o r a l l c o n d i t i o n s t h e PWC-11 i s f a r s u p e r i o r t o t h e niobium-1-zirconium. R e s u l t s f o r a g r a p h i t e f i b e r r e i n f o r c e d copper m a t r i x composite b e i n g developed f o r space r a d i at o r s a r e shown i n F i g . 15. The m a t e r i a l i s seen t o demonstrate a s i g n i f i c a n t improvement i n t h e thermal c o n d u c t i v i t y l d e n s i t y r a t i o o v e r t h e r e f e rence niobium-1-zirconium m a t e r i a l and c o u l d l e a d t o s i g n i f i c a n t r e d u c t i o n s i n r a d i a t o r mass.

NASA Lewis has c o n t i n u e d T h i s One s h o u l d S p a c e c r a f t Environmental E f f e c t s
The o b j e c t i v e s and approach f o r t h e spacec r a f t environmental e f f e c t s t a s k a r e shown i n F i g . 16. I n general t h e e f f o r t i s focussed on i d e n t i f y i n g p o t e n t i a l i n t e r a c t i o n s and f a i l u r e modes, and d e v e l o p i n g m i t i g a t i o n techniques and d e s i g n g u i d e l i n e s t o ensure 10 t o 15 y r l i f e under t h e m i s s i o n -s p e c i f i c environmental c o n d i t i o n s . The accomplishments t o d a t e a r e shown i n F i g . 17. T y p i c a l m a t e r i a l s have been exposed t o atomic oxygen and m i t i g a t i o n techniques i d e n t i f i e d . A l l SP-100 r e f e r e n c e m a t e r i a l s a r e t o be f l o w n on a space f l i g h t experiment and a s t u d y o f t h e SP-100 s p e c i f i c i n t e r a c t i o n s has been i n i t i a t e d .
Conclusions --The SP-100 Advanced Technology Program i s a broad-based Program w i t h a h i g h p a y o f f p o t e n t i a l .
The Program s u p p o r t s a l l non-nuclear aspects o f t h e SP-100 GES r e f e r e n c e system and some o f t h e m a t e r i a l s r e s e a r c h c o u l d p r o v i d e some design marg i n t o t h e r e a c t o r . accomplishments have been made i n t h e i n i t i a l y e a r and a h a l f o f t h e Program.. I t i s f e l t t h a t s i g n i f i c a n t 1The r e s u l t s on F i g . 9 a r e f o r s t a i n l e s s s t e e l . 
OBJECTIVE: TO AUGMENT GES ENGINEERING DEVELOPMENT AND GROUND TESTING OF MAJOR COMPONENTS
COMPONENTlSUBSYSTEM OPTIONS FOR INCREASED EFFICIENCY, SURVIVABILITY AND GROWTH AT REDUCED WEIGHTS AND HIGHER RELIABILITIES
